A comparative analysis of the codon usage bias in the newly discovered dUTPase gene (Assigned Accession No.: DQ486149) of the duck enteritis virus (DEV) and the dUTPase gene of 32 reference herpesviruses was performed. The results indicated that the DEV dUTPase gene encodes a protein of 477 amino acids, which includes five conserved motifs with a 3-1-2-4-5 arrangement. The codon adaptation index (CAI), effective number of codons (ENC), and GC 3S values indicated synonymous codon usage bias in the dUTPase gene of herpesviruses, and this synonymous bias was correlated with host evolution. The codon usage patterns of the DEV dUTPase gene were phylogenetically conserved and similar to that of the dUTPase genes of the avian alphaherpesvirus. Although codon usage in each microorganism was different, there were no strain-specific differences among them. Sixty-one codons in the predicted polypeptide, with a strong bias towards A and T at the third codon position, were used. Comparison of the codon usage in the dUTPase gene of different organisms revealed that there were 19 codons showing distinct codon usage differences between the DEV and Escherichia coli dUTPase genes; 16 between the DEV and yeast dUTPase genes; and 15 between the DEV and human dUTPase genes. Analysis of variance (ANOVA) showed significant differences between the DEV and yeast dUTPase genes (r = 0.536, P < 0.01). The extent of codon usage bias in the DEV dUTPase gene was highly correlated with the gene expression level, therefore the results may provide useful information for gene classification and functional studies.
Introduction
DNA sequence analyses have demonstrated that synonymous codons are used differently by living organisms, and each type of genome has a specific coding strategy [1] [2] [3] . However, degenerate codons are not present at equal frequencies in the genes, giving rise to the phenomenon termed ''codon usage bias" [4, 5] . Studies on synonymous codons and amino acid usages in living organisms revealed that they vary between genomes, between genes, and even between the different parts of a gene. While factors such as mutational pressure [6] [7] [8] , translational selection [9] [10] [11] [12] , and secondary structure of proteins [13] [14] [15] [16] [17] influence codon usage in various organisms, amino acid usage was shown to be governed by hydrophobicity, aromaticity, cysteine content, and mean molecular weight [18] [19] [20] . In general, highly expressed genes have a strong preference for a subset of codons, while lowly expressed genes have a more uniform pattern of codon usage [21, 22] . The biases in synonymous codon usage and amino acid usage have been studied in only a few bacteriophage genomes. In Escherichia coli and yeast, synonymous codon usage patterns are related to the abundance of isoaccepting tRNAs [10, 23] . The interpretation of codon usage patterns in these species is complicated by cell-specific, tissue-specific, and developmentally regulated expression of genes [24, 25] . Moreover, even for functionally homologous genes, remarkable differences in codon usage exists across species [26] [27] [28] . Amino acid compositions of the proteins encoded by the pseudorabies virus (PRV) genes have been reported and indicated that the codon usage bias in the genes could be related to the different functions of the encoded proteins [29] . Recent analyses of herpesvirus codon composition and codon usage are primarily focused on the PrV [29] , herpes simplex virus type 1 (HSV-1) [30] , and Epstein-Barr virus (EBV) [31] . However, data regarding codon usage bias in the duck enteritis virus (DEV) genome is not yet available.
DEV is a member of the Herpesviridae family, which can induce viral enteritis (VE) in ducks; it has caused significant economic losses in domestic and wild water fowl [32] . Most of the previous research work has focused on the epidemiology and prevention of this disease; however, limited molecular biology data is available regarding the DEV genome. Recently, a DEV genomic library was constructed successfully for the first time [33] and the dUTPase gene was discovered in our laboratory. In this study, synonymous codon usage in the DEV dUTPase gene was analyzed and compared with the codon usage in the dUTPase gene of 32 species of herpesvirus. Moreover, the codon usage bias in the DEV dUTPase gene was compared with that in the dUTPase gene of E. coli, yeast, and humans. Codon usage data of the DEV dUTPase gene and the comparison results might provide some insights into the features of the DEV genome. This study may also provide insights into the expression and possible function of DEV dUTPase.
Materials and methods

Virus species and gene sequences
The DEV CHv strain, which is a high-virulence field strain of DEV, was obtained from Key Laboratory of Animal Disease and Human Health of Sichuan Province. The dUTPase gene (GenBank Accession No.: DQ486149) of the DEV CHv strain was first discovered by constructing a DEV genomic library in our laboratory. The nucleotide sequences of the dUTPase gene of 32 reference herpesviruses were obtained from the NCBI GenBank nucleotide database (Table 1) .
Molecular characterization and phylogenetic analysis of the DEV dUTPase gene
SHOWORF, an EMBOSS nucleotide translation program, was used to read and transfer the nucleotide sequence data to a computer file. For characterization of DEV dUTPase DNA and protein sequences, the GenBank sequence databases were scanned using the BLASTN and BLASTP programs, respectively. Multiple sequence alignment and phylogenetic analysis were performed for the dUTPase gene of 33 herpesviruses (Table 1) with CLUS-TAL-X and TREEVIEW software [34] .
Codon usage analysis of the dUTPase gene in DEV and the 32 reference herpesviruses
Generally, the effective number of codons (ENC) of a gene is used to quantify its codon usage bias, which is essentially independent of gene length. The ENC value [35] of the dUTPase gene of each reference herpesvirus was computed with the EMBOSS CHIPS online service program [5, 36] . Another simple and effective method of examining synonymous codon usage bias is the codon adaptation index (CAI) value, which was calculated with the EMBOSS CAI program [37] . The peculiarity in codon usage frequency and the G + C content of the gene sequences were also calculated with the EMBOSS CUSP program [38] .
Analysis of the phylogenetic persistence in codon usage bias in the DEV dUTPase gene
Codon usage bias in the DEV dUTPase gene was determined with the SPSS 11.0 software, and we performed oneway analysis of variance (ANOVA) analysis to compare the dUTPase codon usage bias between DEV, E. coli, yeast, and humans. The database of the codon usage in E. coli, yeast, and humans is available at http://www.kazusa.or.jp/condon.
Results
Characterization of the DEV dUTPase gene
The deduced amino acid sequence encoded by the 1344 bp open reading frame (ORF) of the dUTPase gene is shown in Fig. 1 . Five conserved motifs (motif 1, PKRLE-DAGYDI; motif 2, GRSS; motif 3, GVVDAGYRG; motif 4, GDRVAQ; motif 5, RREGGFGS) boxed in Fig. 1 in the DEV dUTPase were rearranged in the order 3-1-2-4-5. It is now termed the Class 2 dUTPases with amino acid residues around twice as long to the Class 1 (motifs ordered as 1-2-3-4-5, sequences typically of around 150 residues) [39] . A phylogenetic tree based on the amino acid sequences of the dUTPase in the 33 herpesviruses is shown in Fig. 2 ; the general branching pattern coincided with other previously published phylogenetic analyses [40, 41] . As shown in Fig. 2 , the dUTPase gene within the same herpesvirus subfamily (alphaherpesvirinae, betaherpesvirinae, gammaherpesvirinae) or in the same microorganism is clustered together.
Codon usage analysis of the dUTPase gene in DEV and the reference herpesviruses
The results obtained by EMBOSS analysis of the CAI, ENC, and coding GC and GC 3S content of 33 herpesviruses species are shown in Table 2 . Codon usage in the dUTPase gene is highly nonrandom in all the herpesviruses; the overall base composition of the dUTPase genes in these species also differs dramatically. However, interestingly, there was no difference in the codon usage bias parameters of the dUTPase gene indicated by CAI, ENC, coding GC content, and GC 3S values, in both the DEV CHv strain and DEV clone-03 strain, which is identical to the suid herpesvirus 1 and pseudorabies virus. Thus, we presumed that there is no significant deviation in codon usage in different virus strains. The CAI value of different herpesviruses varied from 0.62 to 0.83, with a mean value of 0.70 and a standard deviation (SD) of 0.05; their ENC values ranged from 31.77 to 60.32, with a mean value of 48.51 and standard deviation (SD) of 9.19. Since the approximate 60.32% ENC value of the dUTPase gene in the DEV CHv strain was the highest among the reference herpesviruses, its codon usage bias is less. The GC 3S varied from 22.92% to 93.75%, with a mean of 62.03% and SD of 18.75%.
It has been reported that a plot of ENC against GC 3S can be effectively used to explore the heterogeneity of codon usage among genes [35] . If the codon usage pattern of genes influences parameters other than the GC content, comparing the actual distribution of genes with the expected distribution could be indicative. In other words, if GC 3S is the only determinant factor shaping the codon usage pattern, the values of ENC would fall on a continuous curve, which represents random codon usage [42] . Fig. 3 shows the distribution plot of the ENC and GC 3S values for the dUTPase gene in the reference herpesviruses. The points in the plot were fairly spread out and the bulk of genes did not appear to follow the theoretical curve, which suggests that factors other than gene composition contribute to the codon usage pattern in the reference herpesviruses.
Variation in DEV dUTPase codon usage and amino acid composition
While the CAI, ENC, and the related measures indicate the overall DEV dUTPase codon bias, it is also important to closely investigate the pattern of codon bias. Table 3 shows the codon preferences of DEV dUTPase gene. Sixty-one codons (excluding the stop codons) in the polypeptide, with a strong bias towards the codons with A and T at the third codon position, were used. A high level of diversity in codon usage bias exists for coding the Ala, Val, Phe, Gly, Ile, Lys, and Gln amino acids. (Table 1) ; the tree was constructed with CLUSTAL-X and TREEVIEW software.
Comparison of dUTPase codon usage in DEV with that in E. coli, yeast, and humans
Generally, the codon usage bias in genes remains at a certain level across species. Data revealed that there are 19 codons showing distinct usage differences between the DEV and E. coli dUTPase genes; 16, between the DEV and yeast dUTPase genes; and 15, between the DEV and human dUTPase genes. ANOVA revealed that the codon usage frequencies of the dUTPase gene of DEV, E. coli, yeast, and humans showed great variation (refer to Table 4 and Fig. 4 ). Significantly high differences were observed between the DEV and yeast dUTPases (r = 0.536, P < 0.01). Additionally, based on Fig. 4 , we conclude that the codon usage pattern of the DEV and human dUTPase genes is similar and that the eukaryotic expression system may be more suitable for dUTPase gene expression.
Discussion
Among microorganisms, the most commonly accepted hypothesis for the unequal usage of synonymous codons states that it is the result of mutational biases and natural selection acting at the level of translation. Several measures of the degree of codon usage bias in a certain gene have been developed. The CAI value, which uses a reference set of highly expressed genes from a species to assess the relative merits of each codon, and a value for a gene sequence are calculated from the frequency of the use of all codons in that gene sequence [37] . The index assesses the extent to which selection has been effective in molding the pattern of codon usage. In this respect, it is useful for predicting the expression level of a gene, for assessing the adaptation of viral genes to their hosts, and for comparing codon usage in different organisms. It has been reported that proteins encoded by genes with high CAI values are rich in amino acids carried by the most abundant major tRNA; this implies that the forces shaping codon usage can also influence protein sequences [43] . Thus, the index may also provide an approximate indication of the possible success of heterologous gene expression. In our study, we used the EMBOSS CHIPS, EMBOSS CAI, and EMBOSS CUSP programs to deduce the ENC and CAI values and the GC content, respectively, of the dUTPase gene from its nucleotide sequence in the DEV CHv strain; subsequently these values were compared with those of the 32 reference herpesvirus species. The data of synonymous codon usage bias showed certain disparity of each herpesvirus from different organism. Multiple sequence alignment of the amino acid sequences demonstrated that the DEV dUTPase is a Class 2 dUTPase with the 3-1-2-4-5 motif arrangement, which are found only in alphaherpesvirinae The ''Fract" column shows the proportion of usage of a given codon in its redundant set (i.e., the set of codons that code for the same amino acid). b The ''Frequency" column lists the number of codons present per 1000 bases in the input sequence(s). and gammaherpesvirinae [41, [44] [45] [46] . Here, the phylogenetic tree analysis based on the dUTPase gene in the reference herpesviruses revealed that the dUTPase of the DEV CHv strain and some fowl herpesviruses such as DEV clone-03 strain, GaHV-2, GaHV-3, MDV2, and MeHV-1 were clustered within a monophyletic clade and grouped with some alphaherpesviruses. Interestingly, the synonymous codon usage pattern of the dUTPase gene in the DEV CHv strain is similar to that in other alphaherpesviruses. Thus, we concluded that the synonymous codon usage bias is correlated with the molecular characterization of the gene, and the DEV may be a part of the alphaherpesvirus subfamily.
The most plausible and well-documented selectionbased explanation for codon usage bias is the selection for efficient translation related to the relative abundance of isoaccepting tRNAs [47, 48] . Here we show the base composition of the DEV dUTPase gene, and its pattern of codon bias contributing to the existing variation in codon usage bias within and between other species. It is obvious that greater the skew in base composition, greater the bias in codon usage. Moreover, the correlation analysis with the 61 dUTPase codons of DEV, E. coli, yeast, and humans revealed a very wide range in codon frequencies and their proportion in a redundant set of codons. Among the codon usage bias patterns in E. coli, yeast, and humans, the codon usage bias pattern in the DEV dUTPase gene is similar to that in the human dUTPase gene (Fig. 1) . Thus, we can assume that the eukaryotic expression system is suitable for heterologous expression of the DEV dUTPase gene.
Comparative analysis of dUTPase gene in DEV and the reference herpesviruses indicated that synonymous codon usage in the gene was phylogenetically conserved. Data in Table 2 show that the dUTPase genes in DEV, MeHV-1, GaHV-2, and MDV2, whose natural host is avian, have a stronger correlation than the dUTPase genes of herpesviruses with mammalian hosts, such as EHV-1, BoHV-5, BoHV-1, and SuHV-1. This indicates that the dUTPase genes of herpesviruses belonging to the same host have similar sequence length, and their CAI value is almost the same. Although the dUTPase from each herpesvirus was different in their codon usages, no strain-specific codon usage in the dUTPase gene was observed among the reference species. The codon usage pattern among different species is a complex phenomenon since it is influenced by many factors. It is important to elucidate the underlying mechanisms of codon usage pattern in order to understand the evolution of the species. Thus, we confirmed the finding that the G + C content and gene length are relative to the codon usage bias, shorter genes tend to have a higher bias than longer genes. As discussed above, some explanations of codon usage bias may be affected by the length of a gene and the gene's evolutionary history. Furthermore, it is clear that dUTPase is a ubiquitous and important enzyme that hydrolyzes dUTP to dUMP. It has been reported that many viruses encode virus-specific dUTPases that play an essential role in maintaining the integrity of the viral DNA, both by reducing the dUTP levels and by providing the substrate for thymidylate synthase (TS) [33, 39, 49] . We also predict that the DEV dUTPase may greatly influence the multiplication of DEV, however, further studies are required to confirm this hypothesis. Research on synonymous codon usage can prove helpful in genetic engineering to increase the output of target proteins. It is also a useful tool for gene classification and gene function prediction. Thus, analysis of codon usage bias in the newly discovered DEV dUTPase gene may be of great importance for gene characterization and for assessing the possible role of dUTPase in viral pathogenesis.
